(AROM) and passive range of motion (PROM) for documentation purposes and to assist in making clinical decisions. Many of these clinical decisions are based on how much wrist range of motion (ROM) a patient needs for his or her activities of daily living (ADL) and return-to-work requirements. When wrist PROM is limited, therapists utilize a wide range of passive treatments to address this
restriction. These treatments include, but are not limited to, PROM stretches,' joint mobili~ation,~ dynamic splinting,3 static progressive ~plinting,~ and serial casting.' To assess the effectiveness of these passive treatments, a passive measure, such as goniometry, must be used. Does a change in a goniometric reading, however, indicate an actual change in a patient's passive joint motion, o r is the measurement device unreliable or invalid? Only with a reliable and valid ROM measuring instrument will a therapist know whether a passive treatment is efficaci~us.~ Multiple goniometric techniques are used for measuring ROM of wrist flexion and extension. These techniques differ in respect to placement of the goniometric arms. For example, the American Medical Association7 and the American Society of Hand Therapistsn suggest volar and dorsal approaches to the measurement of extension and flexion, respectively, whereas ulna@-" and radial10J2 goniometric alignments are also suggested in the literature. Consequently, with therapists using different ROM measuring techniques, critical comparisons of treatments that affect ROM are impossible, as it is unknown how measurement results vary from one goniometric technique to another.
Although functional goals are paramount, goniometric results certainly influence treatment decisions. For instance, a goniometric measurement taken on the ulnar side of the wrist may satisfy a ROM goal for ADL, but a radial or volar/dorsal measurement may not meet that ROM criterion. The clinician who uses the ulnar goniometric approach may discontinue attempts to gain more motion, whereas the clinician who uses the other measuring techniques may continue to try and regain motion. This potential difference in goniometric results may have significant clinical implications, particularly in determining functional ROM after palliative/ stabilizing procedures such as partial wrist fusions,l3 total wrist arthroplasties,l4 and ligament reconstructive procedures at the wrist. 15 The reliability of goniometric measurements of joint motion has been assessed under many conditions for various joints.1622 Most researchers have either attempted to control variables that are not typically controlled in a clinical setting or used subjects without any pathology. Their results, therefore, have limited application to the clinician. Rothstein et a123 have provided a protocol for the study of intrarater and interrater reliability of goniometric measurements under clinical conditions. Two studies of wrist goniometric reliability have been perf0rmed,~4>~5 with only one study having been done under clinical conditions.24 In both studies, reliability of measurements obtained with the ulnar and radial measuring techniques was assessed. The results of these studies were conflicting, as greater reliability was seen with an ulnar technique in one study and with the radial technique in the other study. Horger24 found high intratester and intertester reliability, especially when an ulnar technique was used. The most reliable measurements in that study were obtained by a variation of the previously described ulnar technique,"-" which used the third metacarpal for goniometric alignment rather than the more traditionally used mobile fifth metacarpal. Duffin and Zoeller25 found greater reliability with the radial rather than the traditional ulnar technique.
Heretofore, there has been no comparison of all three goniometric techniques in terms of measurement results and reliability. It was imperative that all measuring techniques be assessed to determine which goniometric technique had the greatest reliability. Therefore, this study was designed to ensure that all techniques were evaluated within a clinical environment. The purpose of this study was twofold: (1) to determine whether passive wrist flexion and extension goniometric measurements obtained using radial alignment, ulnar alignment, and volar/dorsal alignment were similar o r dissimilar and (2) to examine which of these three PROM wrist flexion and extension goniometric techniques had the greatest intratester and intertester reliability.
Method
One hundred forty patients (141 wrists) from eight handlupperextremity clinics around the United States (Appendix) participated in this multicenter study. Patients were included in the study if they were referred to one of the eight clinics and if wrist PROM would normally have been included in their assessment. All subjects read and signed an informed consent statement before admission to the study. Subject data collection included each patient's age, sex, and diagnosis. Whether the subject was treated prior to o r immediately after wrist PROM was measured was also noted. Although each clinic was required to collect data on 25 subjects, five of the eight clinics collected data on 21 o r fewer subjects (Tab. 1). The data on one subject could not be deciphered from the recording form and were discarded. The average number of subjects per clinic was 17.5 (range=7-25). The average age of the subjects was 41.5 years (range=G81). An average of 65% (range=48%-85%) of the subjects were male, and an average of 35% (range= 15%-50%) were female (Tab. 1). All data collection was done in one clinic session.
Testers
Goniometric measurements were obtained by 32 therapists from eight different handlupper-extremity clinics (4 therapists per clinic). For inclusion in the study, each clinic was required to have 4 therapists present at one time to allow randomization of testers. In four clinics, 1 of the measuring therapists left the study. The randomization of therapists precluded the inclusion of new therapists into the study; therefore, data collection was terminated prematurely. Data 
lnstrumentatlon
Each participating clinic was issued two plasti.~, 15.2-cm (6-in) goniometers to use for all measurements.' Each goniometer's accuracy was assessed by measuring 10 randomly chosen, computer-generated angles between 0 and 180 degrees. All goniometric measurement angles were in agreement with the computergenerated angles.
One side of the goniometers' numerical scale was covered with moleskin to blind the measurer from reading the scale. This precaution prevented the tester from viewing the measurement results, but allowed a recorder to view the reverse side of the goniometer and record the results (Fig. 1) .
Procedure
This study used a modified version of a goniometric measurement method originally described by Rothstein et al.23 At each clinic, measurements of subjects were performed by randomly paired sets of testers.
A patient was identified as a potential subject by one of the testing therapists. The therapist then obtained consent from the patient, collected subject data, and decided whether goniometric measurements were going to be performed prior to or after that day's therapeutic session. That therapist was also the first testing therapist. Prior to taking any goniometric measurements, the first testing therapist randomly chose the second tester, thus establishing the measuring pair. This entire procedure was repeated for every subject at every clinic.
The first tester then measured the subject's passive wrist extension and flexion in the following order: (1) radial goniometric technique, (2) ulnar goniometric technique, and (3) volar/dorsal goniometric technique (Figs. 2-5). Operational definitions were provided so that each of the testers could use them as guidelines (Tab. 3). A recorder, trained in reading the goniometer, at each clinic read and documented each goniometric measurement while ensuring that the tester did not see the result. After measuring the subjects in the defined order, the first tester remeasured the same subject in the same order after a 30-to 60-second interval. The second tester of the measuring pair then repeated all of the measurements twice while the recorder documented the results. The elapsed time between the first tester's and the second tester's measurements was 2 to 3 minutes.
Each subject's passive wrist flexion and extension was therefore measured three different ways a total of four times (two times per tester) by two different testers. No therapeutic activity was performed between any of the measurements. None of the testers had access to the measurement results, nor were they permitted to watch any of the other testers measure subjects. All eight clinics were instructed to collect data on 25 different subjects; however, the final number of subjects per clinic varied (Tab. 1). On completion of data collection, all results were returned to us for analysis. ANOVA; however, it partitions the variance into differences between subjects, errors, and raters. This parti- 
Data Analysis
In an attempt to determine whether the radial, ulnar, and volar/dorsal goniometric techniques produced similar or dissimilar results on the same subject, an analysis of variance (ANOVA) was used. The intraclass correlation coefficient which is based on an ANOVA, was used to provide an estimate of agreement both within raters (model 3,l) and between raters (model 2,l). In the 3,l model, the tested raters are the only raters of interest, thus making it an appropriate model for assessment of within-tester reliability. 27 Shrout and Fleiss2' support this view, as they do not feel it is reasonable to generalize one rater's score to a larger population using the 3,l model. The 2,l model also uses an tioning permits generalization of results beyond the raters in this study. The use of model 2,l is suggested when assessing between-rater reliabilityS2Vor the determination of intertester reliability, the mean of each therapist's two trials was used. The ICC reliability index has been commonly utilized as the primary determinant of reliability in previous wrist goniometry studies.24.25
The amount of measurement error, or the standard error of measurement (SEM), was also used to quantify reliability. 29 The SEM may be the most desired index of reliability, as it provides a number that represents the way a single score will vary if a test is administered more than once. The SEM's clinical revelance is enhanced by the fact that it is expressed in the metric unit of the mea~urernent.~9 A generalizability statistical model, 30 an extension of the intraclass reliability model, was used to identify the percent contribution of numerous components to error variation. Sources of error analyzed included goniometric technique, therapist, diagnostic category, treatment, patient, and miscellaneous error. All of these statistical calculations were organized and processed on the Statistical Analysis System computer pr0gram.3~ Descriptive statistics, measures of central tendency (mean, standard deviation, and range), were used to represent all of the clinics with a statistical value.s2
Results
There was a wide range of passive wrist flexion and extension among the subjects. Overall, the subjects' goniometric measurements varied from 5 to 95 degrees in both flexion and extension.
The ANOVA and the Tukey Honestly Significant Difference MultipleComparison Test revealed significant differences (P= .05) among the mean goniometric results of the specified time for intratherapist flexion and intertherapist flexion, respectively. For Table 6 . For intratherapist flexion and extension, the SEM of the volar/dorsal technique was lowest 100% and 75% of the time, respectively, as compared with the SEMs of the other techniques. For both intertherapist flexion and extension, the SEM for the volar/dorsal technique was the lowest 80% of the time.
The greatest effect on variance among all measurements, as analyzed via the generalizability model, was accounted for by the patient 65% (range= 38%-80%) of the time and then by inherent error within the study (ie, study design, recorder error, and so forth) 16% (range=12%-25%) of the time (Fig. 10 ).
The diagnostic category had an effect on reliability an average of 9% (range=0%-49%) of the time (Fig.  11) . The most frequently encountered diagnosis was postsurgical 72% of the time. This postsurgical category included subjects who undement procedures such as carpal tunnel release, open reduction and internal fixation of the carpus or radius/ulna, limited carpal fusions, and tendon transfers. The postfracture diagnostic group was encountered 16% of the time and included radiusiulna fractures, carpal fractures, and metacarpal fractures that were not openly reduced or 166/73 goniometric measurement on reliability was averaged at 6% (range= 0%-30%) (Fig. 11 ). An average of 35% -4 of the subjects were treated before Flgure 3. Ulnar goniometric alignment forpexion and extension.
internally fixated. General orthopedics was seen 8% of the time and consisted of distal radiushlna, carpal, and soft tissue strains, sprains, and tears. Burns were also included in this category. The neurological category was encountered least often at 4% of the time and included peripheral nerve entrapments, central nervous system disorders, and iatrogenic neuropraxias (Tab. 1).
The effect of whether treatment was administered prior to or after the being measured, and 65% were measured after treatment (Tab. l). The actual goniometric technique effect on I reliability was 3% (range= 1%-5.5%), and the therapist effect-was 2% (range=0%-6.5%) (Fig. 12) .
Overall, many factors can effect wrist goniometric measurements. With this in mind, the results of the three goniometric techniques were significantly different on many occasions. In terms of reliability, the results of the ICC and the SEM show the volar/dorsal technique to be the most reliable of the three different techniques.
Despite the fact that all three goniometric techniques are utilized for measuring wrist PROM, they produced significantly different results when compared in this study. From the results of the ANOVA and the subsequent Tukey MultipleComparison Test, it is apparent that many instances the results of the three techniques were significantly different. his finding hasclinical ' implications, as one therapist may be making clinical decisions based on -one technique, whereas another therapist may be making treatment decisions based on a different goniometric technique. Although these results address one of the purposes of the study, they do not address the question of which is the most reliable technique. For this purpose, the ICC was used as a statistical index of reliability. When inherent variability is high, as it was in this study with wrist PROM measurements ranging from 5 to 95 degrees, one can have great confidence in the ICC as strong index of reliability.2" Additionally, using the SEM as an index of reliability allows the reader to determine whether the amount of measurement error is clinically significant.
Reliability denotes the stability of a measure and whether one tester, or two testers, can obtain similar mea- Additionally, it may play a major role in a patient's partial or permanent impairment rating. When a wrist PROM measurement will be used as a primary determinant in making a clinical decision, or will be an independant variable in a research study, the volar/dorsal approach may be the goniometric technique of choice. The voladdorsal technique consistently was above the .90 ICC level as compared with the other techniques. In addition, the volar/dorsal technique consistently had the highest ICC value and the lowest SEM both within and between testers. If, however, a gross anatomical volar or dorsal abnormality prevents accurate goniometric alignment, the radial or ulnar technique would suffice. There should be no alternating of measurement techniques on the same patient.
Unlike other reliability studies, this study revealed a trend toward intertester ICC and SEM results being slightly better than intratester results. Clinically, the differences noted may be insignificant; however, that repeated measurements made more conservatively than measureit does question traditional wisdom by different therapists be interpreted ments made by the same therapist.
The percent effect of various factors on the reliability of wrist goniometric measurements was analyzed by the generalizability theory. Classical reliability theory partitions a score or measurement into a true component and an error component, with any deviation from the true score being deemed external random error. The generalizability theory forces one to interpret reliability in a multidimensional fashion. The underlying premise is that not all variations from trial to trial should be attributed to random error. Instead, the generalizability theory is used to identify other factors that might influence test scores. With the identification of other relevent effects on test scores, the therapist should be able to explain, predict, and control for these factors and thus leave less variance unexplained as simply "error."28 The generalizability statistical analysis allowed quantification of which factors conIn our study, the patients' wrist motributed to variance and ultimately to tion provided the greatest amount of reliability.
variance. This finding was not unexpected, as some subjects had near- normal PROM, whereas others had severely limited motion at the wrist. Unexplained error had the second greatest effect on reliability and may have included testing conditions, such as time of day, or positioning of the subject, among other factors. Deficiencies in the study design can also be categorized under "unexplained error." The effect of diagnostic category and treatment can certainly influence variance among measurements. Scarring, bony o r soft tissue deformities, o r pain may cause imprecise goniometric placement. Inconsistent external force application, which is required for PROM measurements, may also affect the results. The effect of the actual goniometric technique and the effect of the therapist on variance is small but not inconsequential, and should be considered when measuring wrist ROM.
Other potential sources of error during goniometric measurements may have been poor visualization of bony landmarks. Perhaps when edema or an aberrant bony prominence was encountered, the testers attempted to be more precise in placement of the goniometer's arms, hence the greater reliabilty of the volar/dorsal technique. These anatomical obstructions, however, may cause the therapist to question what is actually measuring, or the validity of the measurement. Horger2* noted external force application most often as a potential source of error in wrist flexion and extension PROM measurements. In our study, however, the potential for more consistent external force application for a PROM measurement during the volar/dorsal method may have been one of the reasons it had greater reliabilty. In the volar/dorsal technique, the distal arm of the goniometer is placed where a passive external force is applied to the wrist, thus allowing greater repeatability of the passive force application. Other potential sources of error may include inconsistent positioning of the patient for the measurement or pain while moving the wrist passively. All potential sources of error may have been more profound in measuring extension rather than flexion. as flexPhysical Therapy /Volume 74, Number 2February 1994
Figure 9. Intertherapist intraclass correlation coefficient (ICC) results for extension by clinic (see Appendix for listing of clinics).
ion measurement reliability was greater. All of these potential sources of error have previously been reported in the literature. 2124 ' 34 ' 35 In this study, an effort was made to sample a broad range of patients and therapists in an attempt to allow generalization of results beyond this study. The design of the study ensured the assessment of all three goniometric techniques. In Horger's study, 24 the therapists were allowed to choose whichever technique they preferred. In Horger's study, all specialized therapists (those who practice at hand clinics) chose the ulnar technique, whereas all nonspecialized therapists (those who do not practice at hand clinics) chose the radial technique. The results of Horger's study, therefore, may be an assessment of specialty versus nonspecialty therapists rather than an assessment of goniometric techniques. The study by Duffin and Zoeller 25 used nondisabled subjects and was limited to only one rater, who measured wrist flexion and extension radially and ulnarly. In our study, a broad range of clinical experience among the therapists, including certified hand therapists who practice in a hand/upper-extremity environment, ensured heterogeneity. Multiple clinics across the United States were used to allow for regional differences. Finally, the randomization and "blinding" of the tester minimized bias within the study.
Although this was a multicenter study, we believe separate analysis of each clinic was required because randomization of testing pairs occurred within clinics but not between clinics. Testing pairs had an opportunity to measure subjects only within their own clinic. Therefore, the ANOVA, Tukey Multiple-Comparison Tests, ICC, SEM, and generalizability statistics were utilized for each individual clinic. The descriptive statistics (mean, standard deviation, and range) were calculations of general trends across all clinics. "ICC=intraclass correlation coefficient.
This study assessed only PROM for wrist flexion and extension. Activerange-of-motion goniometric reliability should be assessed in future studies. Although the literature suggests that AROM measurements are more reliable than PROM measurements, 24, 36 passive motion measurements are thought to be more valid indicators of changes in periarticular connective tissue. 6 Additionally, a PROM measurement appears to be the most appropriate measurement for assessing widely used passive treatments. 6 The design of this study prohibited the therapists from choosing a goniometric technique to use. By requiring each measurer to use all of the techniques, the study design ensured assessment of all three goniometric methods. In addition, the
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Future studies should assess wrist AROM measurement reliability and validity. Additionally, studies that try to further analyze some of the identified sources of wrist mesurement error may help provide more specific guidelines for measurement. For example, different measuring techniques for specific diagnostic categories may be useful. Controlling external force application for PROM at the wrist may improve reliability further.
The radial, ulnar, and volar/dorsal goniometric techniques should not be used interchangeably, as their results frequently will be inconsistent. Therefore, when given the choice, the volar/dorsal goniometric technique should be used, as it appeared to be the most reliable method both within and between testers for measurements of passive wrist flexion and extension. The clinician should be cautious, however, when interpreting these data, as goniometric reliability for wrist passive flexion and extension measurements were population-specific.
